Abstract The success of alternative energy policies is usually measured in terms of energy capacity. By this metric, state-level policies to promote solar installations in New Jersey and Massachusetts have been a success. To fully evaluate these policies, however, it is necessary to consider how these policy programs are structured and funded, who participates in these programs, and the complete life cycle consequences of "clean" energy technologies. This paper focuses specifically on residential solar installations, which represent more than half of the total US rooftop solar capacity potential. It takes a multidisciplinary approach that draws on policy analysis, spatial and demographic analyses, and life cycle assessment. The analyses reveal three key conclusions: first, state-level policies have shifted from subsidies for solar installations to incentive-based support based on system performance, which has reduced the payback period for residential solar to less than 10 years and has contributed to the growth of third-party leasing companies. Second, communities with low median income and/or a high percentage of non-white residents generally remain at lower than expected levels of participation. Third, while residential solar installations significantly offset greenhouse gas emissions and compounds that harm human respiratory health after 18 months, switching to photovoltaic panels generates a net increase in the production of ecotoxic chemicals. Drawing on these observations, we recommend policy changes to encourage broader geographic and demographic participation, to recognize the importance of solar leasing companies and landlords, and to promote the use of solar panels with lower environmental impacts across the life cycle.
Introduction
US solar installations have surged since 2006, catalyzed by a combination of federal and state policies aimed at stimulating the alternative energy sector, contributing to economic growth, and mitigating greenhouse gas emissions. The USA has 7,700 MW of installed solar capacity as of 2012, up from 330 MW in 2006. And solar installations have been accelerating. In 2012, quarterly installations averaged over 800 MW, compared to 250 MW per quarter in 2010. Residential solar installations are an important sector of the industry, and a growing number of homeowners are becoming renewable energy producers. Although residential installations accounted for only 20 % of capacity in 2011, they account for 90 % of the number of installations nationally (Sherwood 2012; Solar Energy Industries Association 2013) . Moreover, more than half (53 %) of the estimated rooftop solar capacity in the USA is associated with residential buildings (Denholm and Margolis 2008) .
State-level efforts to promote renewable energy have been a dynamic arena of policy innovation over the past decade, which has drawn the attention of scholars. Studies of statelevel energy policies can be divided into two main categories: narrative case studies examining policy development in specific states (such as policies in California, New Jersey, or North Carolina) and comparative econometric evaluations of different policy strategies across states (such as the consequences of renewable energy portfolios versus energy efficiency standards) (Hart 2010; Gaul and Carley 2012; Frenkil and Yaffe 2012; Shrimali and Kniefel 2011; Shrimali et al. 2012) . Most such studies, however, evaluate policy success Electronic supplementary material The online version of this article (doi:10.1007/s13412-013-0156-6) contains supplementary material, which is available to authorized users. largely in terms of total renewable energy capacity. But that approach discounts other potential metrics for evaluating policies, such as the distribution of renewable energy capacity, the demographics of participating residences, or the life cycle environmental consequences of renewable energy policies.
This paper takes a multidisciplinary approach to examining these questions in the context of residential solar policies in two states: New Jersey and Massachusetts. It aims to address four questions: First, what are the structure and characteristics of the state-level policies that have contributed to the growth of residential solar installations in New Jersey and Massachusetts? Second, how has participation in these programs been affected by community-level demographic factors, such as income, race, or urbanization? Third, what are the net environmental costs and benefits of these state-level policies when considering the entire life cycle of solar installations? Finally, how do these factors interact, and what can we learn by examining them together? Our scope is initially focused here on residential solar installations for several reasons, one being the large potential for expanding residential solar energy capacity in the future. To advance that goal, it is necessary to evaluate issues concerning equity and access, which are central to efforts to expand participation in residential solar. Finally, residential production of solar energy represents a profound shift in the way energy is produced, and this analysis sheds light on social changes as well as matters directly associated with energy production.
Incentivizing residential solar: a hybrid policy framework
A multilayered policy framework underlies the growth in state-level solar installations that consists of subsidies, regulatory reforms, and incentives. Since 2006, the federal government has offered a 30 % income tax credit for solar installations. Initially, the credit was capped at $2,000 and set to expire in 2008. Emergency legislation in response to the 2008 fiscal crisis removed the cap and extended the tax credit through 2016 (Database of State Incentives for Renewables and Efficiency 2012). Although that credit is available nationally, growth in solar has been more rapid in states such as New Jersey and Massachusetts, which have adopted additional state-level policies. Although such policies promote solar installations at utilities, commercial enterprises, and nonprofit organizations, this paper focuses specifically on how these policies incentivize residential solar installations.
An important policy strategy has been an extensive system of state-level subsidies, which have been phased out in recent years in favor of performance-based incentives. Until 2008, New Jersey had a subsidy program to encourage solar installations, subsidizing residential installations at $5.50 per watt in 2005 and $3.50 per watt in 2007 (these subsidies accounted for 66 and 41 % of the average installation costs, respectively), before phasing out subsidies due to cost overruns in 2008 (Hart 2010; Barbose et al. 2012) . Remaining subsidies in place in New Jersey include exemptions from sales tax and valueadded property tax for installations (Hart 2010) . Subsidies for residential solar installations are also declining in Massachusetts (Massachusetts Clean Energy Center 2013a). Such credits include a 15 % tax credit (capped at $1,000) against state income tax, exemptions from sales tax, and value-added property tax for the solar installation, and a staterebate program that subsidizes installations at a base level of $0.40 per watt (plus an additional $0.40 per watt for families earning less than 120 % of the median income or owning homes of moderate value) capped at $4,250 per residential property (these subsidies accounted for 6 or 12 % of average 2011 installation costs, respectively) (Barbose et al. 2012 , solar, wind, geothermal) . In order to meet renewable energy targets, utilities must accumulate RECs through renewable energy production or by purchasing credits from others. Renewable Portfolio Standard (RPS): A general policy tool that establishes minimum targets for renewable energy production from utilities. This is typically expressed as a percentage of total energy production by a certain date. Solar Carve-Out: A minimum target specific to solar energy production as part of an existing RPS. Solar Renewable Energy Credit (SREC): A 1,000-kWh renewable energy credit that is specific to the production of solar power.
The most innovative policy support for solar in New Jersey and Massachusetts has been the development of the market for Solar Renewable Energy Credits (SRECs; Box 1). Over the past 15 years, Renewable Portfolio Standards (RPS) has become a common policy tool for promoting renewable energy. RPS policies require utilities to source an expanding percentage of their electricity generation from renewable resources to meet a target percentage by a certain date. As of 2012, 29 states had renewable policy goals, including New Jersey (22.5 % renewable energy by 2021) and Massachusetts (15 % renewable energy by 2020) (Carley and Browne 2012) . Although the structure of RPS vary across states, in most states utilities have flexibility in meeting the mandated RPS goals, including expanding renewable energy production or, alternatively, purchasing renewable energy credits (REC= 1,000 kWh generated from renewable sources) from other energy providers that have excess renewable energy capacity. Initially, most RPS were technology neutral and, as a result, the expansion in renewable energy generation favored leastcost technology. The outcome was a boom in wind power, which accounted for approximately 94 % of the RPS-driven expansion in renewable energy capacity between 1998 and 2009 (Wiser, Barbose, and Holt 2011) .
As a result, states took additional steps to structure RPS to foster a more diverse array of renewable energy technologies. As of 2013, 16 states have adopted policies aimed at promoting solar power as part of their RPS, such as credit multipliers (giving additional credit to solar-sourced RECs compared to wind, for example) and solar carve-outs (establishing solarspecific RPS targets). In 2004, New Jersey established a solar carve-out goal of 2.1 % solar generation by 2021, which it increased in 2012 to 3.5 % by 2021 (Database of State Incentives for Renewables and Efficiency 2013a). In 2010, Massachusetts established a solar carve-out goal of 400 MW by 2020 (Database of State Incentives for Renewables and Efficiency 2013b). In both states, utilities are required to secure sufficient SRECs (1,000 kWh generated from solar) to meet the solar carve-out, whether it is through the direct production of solar energy or through the purchase of SRECs from others. SRECs usually sell for a price premium, compared to other RECs, due to the higher costs of solar installations. Such policies are justified as short-term support necessary to jumpstart the solar industry, realize economies of scale, and make solar competitive with other forms of energy production in the long-term.
Although New Jersey's and Massachusetts's policies are not identical, they have several features in common: (1) new solar installations are guaranteed participation in the state-wide SREC market for a significant period of time (15 years in New Jersey and 10 years in Massachusetts); (2) utilities must pay a fine for any shortfall in SREC compliance obligations, which is meant to help set a floor for SREC prices; and (3) SRECs must effectively be purchased from in-state sources (Bird et al. 2012) . SRECs are a performance-based incentive, the price of which fluctuates with supply and demand on the market; prices have generally been falling as capacity has increased (SREC Trade 2013). These policies have driven a significant growth in residential solar capacity in New Jersey and Massachusetts, but at the cost of a significant investment of state funds in subsidies and utility payments for SRECs to meet the solar carve-out requirement (Table 1 , see Online Resource 1 for methodology).
Who takes part in residential solar programs in New Jersey and Massachusetts?
For residential homeowners, the economics of solar have improved over the past 5 years, in part because of federal and state policies, but also because of two related shifts in the solar industry. First, increased competition and advances in technology have lowered system costs from an average of approximately $9 per installed watt in 2006 to approximately $6 per installed watt in 2011 (these costs include solar panels, supporting infrastructure, and labor) (Barbose et al. 2012) . Second, third-party leasing companies have become significant players in the residential solar market in some states, including New Jersey and Massachusetts, offering 15-or 20-year leases to consumers with no down payments (while the companies generate a return on investment through lease payments, SREC revenue, and tax benefits).
As a result, a homeowner installing an average-size residential solar array in Massachusetts (6 kW) or New Jersey (8 kW) can expect to recoup the investment within 7 or 9 years, respectively, or, if leasing, to lower their monthly utility bill. For instance, an average-size residential installation in Massachusetts would cost $27,900, less $8,370 in federal tax rebates, $1,000 in state tax rebates, and a $2,400 state installation rebate, for a net cost of $16,130. Such a system would generate two streams of revenue for a homeowner: first, cost savings from electricity generation (6,300 kWh at $0.16/kWh=$1,008 in year one); second, revenue from SREC sales (6 SRECs at $200 per SREC=$1,200 in year one). Alternatively, a homeowner could enter into a lease for approximately $75 per month; in the first year, their cost savings would be $108. Assuming energy costs and the lease payment increase at 3 % per year, 20-year savings would be $2,900. Table 2) Considering that the favorable economics for residential solar are a product of policies funded by the public (channeled through taxes and fees paid to the federal and state governments and customer payments to the electric utilities), it is important to consider who participates in these programs: is participation equitable across region, race, and income? This question becomes more relevant, considering the potential for significant expansion of rooftop residential solar energy capacity, relative to other installations (such as commercial, governmental, or utility) (Denholm and Margolis 2008) . To examine this question, we analyzed participation in residential solar programs in New Jersey and Massachusetts. In both cases, the states release quarterly databases of solar installations qualified to generate SRECs, including information such as installation date, location (zip code), system size, and system cost. As a result, our analysis of solar program participation was aggregated at the zip code scale and normalized based on the number of detached single-family dwelling units. The results allow for examination of which types of communities are more or less likely to have households participating in residential solar (See Online Resource 1 for detailed methodologies).
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Overall, participation is generally low, but geographically widespread, in both states, with 96 and 82 % of zip codes in New Jersey and Massachusetts, respectively, having some participation and 37 and 10 % of zip codes in New Jersey and Massachusetts, respectively, having greater than 1 % of detached single-unit homes participating. When analyzed for geographic clustering of high and low values (Fig. 1) , it becomes evident that participation tends to be lower in urban areas, such as zip codes near Camden and Newark in New Jersey and Worcester and Springfield in Massachusetts. In part, this may be because these are low-income or minority zip codes, which tend to have lower participation as explained below. It is also important to point out that these spatial patterns emerge when home ownership is accounted for, which could otherwise be a driver of urban-rural differences. The exception to this trend is Boston, which has participated in the Solarize Mass program and since 2009 has participated in Renew Boston, a city-wide program to promote energy efficiency and alternative energy programs, including additional support for residential solar (such as a city-level solar rebate subsidy matching the state subsidies since 2011) (City of Boston 2011) .
In order to examine how participation varies across important demographic factors, we conducted randomization tests to compare observed median participation values to a null distribution (Fig. 2 , see Online Resource 1 for methodology. Online Resource 2 provides an additional regression analysis). The most striking result regarding income is the low level of participation in the lowest median income quintile. It appears that relationships between participation and income are driven by lower income brackets more so than by a continuous trend across the income distribution. This is not surprising, considering that residents of the lowest median income quintile are least likely to have capital funds to invest in solar or credit scores necessary to qualify for a third-party solar lease. Notably, this trend is consistent in both New Jersey and Massachusetts. Although Massachusetts doubles the solar subsidy for moderate income homeowners or moderatevalue properties (27 % of installations have received that rebate), that has apparently not resulted in more even participation across lower income brackets.
Similar to income, the racial composition of zip codes appears to be a contributing factor in participation in residential solar programs. In New Jersey, there is a strong trend of decreasing participation as the racial diversity of the zip code increases (in both regressions and randomization tests). However, New Jersey is also a more diverse state, with a median of 21.4 % non-white residents across zip codes compared to 8.4 % in Massachusetts. Another complicating factor is the relationship between racial diversity and median income in these states (i.e., both independent variables). For both states, low-minority zip codes (below the median value for percent non-white residents) exhibit no relationship between race and income. However, in high-minority zip codes, income decreases as the percentage of non-white residents increases, making it difficult to tease apart income and race. Notably, though, in both New Jersey and Massachusetts, participation in non-white communities shows a distinct temporal trend: participation in more diverse communities lags that of whiter communities (Fig. 3) . This indicates that although whiter communities are early adopters, the diversity of participants has increased as the programs have become established.
How does residential solar affect the environment?
Residential solar is described, both at the state-and consumerlevel, as an important step toward reducing greenhouse gas emissions to address climate change. For instance, when Massachusetts passed the enabling legislation for a solar carve-out in 2008, the governor described the legislation as positioning Massachusetts as a leader "in reducing the emissions that threaten the planet with climate change" (Governor Patrick 2008). And residential solar installations provide customers with real-time updates on how much carbon dioxide their system has mitigated, measured in tons, equivalent car miles, or trees. As Sungevity.com explains to its customers: "Congratulations! Since going solar, you've offset x lbs of carbon emissions." or "You have planted the equivalent of x trees." But such analyses only consider the use phase consequences of residential solar, not the life cycle consequences of residential solar. Nor do such analyses consider the human health or environmental impacts that are not associated with global climate change. To consider the life cycle consequences of residential solar, both at the state level and the residential installation, we conducted a life cycle assessment (LCA) considering the manufacture, installation, and use phases using a hybrid LCA methodology. We present impact results in categories addressing climate change, human health, Fig. 1 Hot spot analysis of residential solar installations per owned single-unit household. Each point represents a zip code that has disproportionately high ("hot spot") or low ("cold spot") residential solar installations within a neighborhood radius (14 km for MA, 20 km for NJ). A threshold of P <0.05 was used to determine statistical significance. Note that individual zip codes labeled "hot" or "cold" do not necessarily have high or low participation themselves-it is their neighborhood radius that is considered Fig. 2 Comparison of observed values of median solar program participation for within-state demographic quintiles to randomized (null) distributions. Error bars represent the 99.9th percentile of the null distribution from 10,000 iterations (a conservative approach was taken due to the presence of spatial autocorrelation). *1 out of 10,000 iterations more extreme than observed value. **0 out of 10,000 iterations more extreme than observed value and ecosystem health. Our approach, unlike LCAs focused on single installations under general conditions, considers the impact of the average residential solar installation in each state and the cumulative impact of solar installations under these policies, based on the average solar insolation in these states (See Online Resources 1 for detailed methodologies).
The environmental impact of each life cycle stage was modeled based on available system capacity and cost information along with process-based (manufacturing and use phases) and economic input-output (installation) databases. Sourcing materials for and manufacturing the panels releases trace amounts of metals, such as aluminum, zinc, and copper, which make up a majority of the human health noncancer (HHN) and ecotoxicity potential (ETP) impacts (see Figure OR3 -5 in Online Resources 3). Installing panels require inputs from economic sectors including power generation and supply, truck transportation, and oil and gas extraction, which contribute significantly to the global warming potential (GWP) and human health respiratory (HHR) categories. During the use phase, solar panels generate clean electricity with no associated emissions, offsetting US grid electricity and emissions that contribute to GWP and HHR categories. The overall life cycle impact compares the use phase environmental benefits of solar installations against the environmental burdens of manufacturing and installation, as seen in Table 3 .
To assess the environmental consequences of each state's solar policy, we modeled solar installations in New Jersey and Massachusetts, assuming installation targets of 1,800 MW in New Jersey and 400 MW in Massachusetts, installation rates growing at 5 % annually, and a conservative 20-year lifetime for individual solar installations. Not surprisingly, significant reductions are observed in GWP, with life cycle reductions being at least 15 times greater than the consequences of manufacturing and installing systems. This reduction is the result of the GWP offset obtained by displacing US grid electricity, which was modeled at an emission rate of 775.99 g CO 2 /kWh. Based on a 20-year lifetime, the emission rates were 49.81±11.12 and 54.82±11.70 g CO 2 /kWh for the average installation in New Jersey and Massachusetts, respectively. These values are within the range presented in metalevel analyses of solar installations (National Renewable Energy Laboratory 2013) (see Online Resource 3) and confirm that publicizing the reductions in greenhouse gas emissions is justified.
When a broader range of environmental impacts is considered, however, the solar policies in New Jersey and Massachusetts are responsible for both environmental benefits and burdens. Reductions in HHR are more than 15 times greater than manufacturing and installation burdens due to the high offset from grid electricity (and, especially, coalfired electricity generation in the US grid fuel mix). In HHN, the burdens introduced in manufacturing and installation are essentially offset by the reduction in required grid electricity. In ETP, however, the life cycle impact value is positive, meaning the policies had a net negative impact on the environment; the high ecotoxicity of manufacturing is not significantly offset by the reduction in generation of electricity based on the US grid fuel mix. Overall, the results of this analysis suggest that there are significant environmental benefits from state-wide solar policies in terms of GWP and HHR, but that those benefits come at the cost of an increase in ETP (Fig. 4) .
Just as homeowners consider the financial payback period of installing a solar array, they could also consider an environmental payback period, or the number of years to recoup the environmental investment of manufacturing and installing their solar array (Table 4) . For the average residential installation, environmental benefits are significant in both GWP and HHR and the environmental break-even point is 1 to 2 years. But, those benefits come with greater contributions to HHN and ETP associated with manufacturing the panels, with break-even points of 24 and 73 years, respectively (See Online Resource 3).
Conclusion and synthesis
To date, the majority of renewable solar capacity has been installed at commercial, governmental, utility, and other nonresidential facilities. As of 2011, residential installations only accounted for 20 % of installed solar capacity, although 53 % of the potential rooftop solar capacity in the USA is associated with residential buildings. If the full potential of solar renewable energy is going to be realized, it will be necessary to significantly expand residential installations (Denholm and Margolis 2008; Sherwood 2012 ; Solar Energy Industries Association 2013). An important goal of this study is to integrate multiple factors in order to more comprehensively evaluate policies promoting residential solar power. Unlike most studies, which focus on metrics such as total solar capacity and use phase greenhouse gas mitigation, this study gives explicit consideration to other spatial and temporal factors. Although these policies generally apply uniformly at the state or federal level, their outcomes are hardly uniform in space and time. Through time, we see changes in state-level support for solar that have facilitated a shift from direct purchases by homeowners to an increasing role of third-party lessors, substantially different break-even time horizons depending on how the environmental impacts of solar power are considered, and delayed participation by more racially diverse communities. Through space, we see geographic patterns across both states that highlight a lack of participation in urban areas associated with highminority and/or low-income communities, and the potential for spatial disconnects between the environmental benefits (use phase) and costs (manufacturing) of solar power. Drawing on these observations, we recommend new policy strategies and avenues for research regarding the relationship between the social, economic, and life cycle consequences of state-level residential solar policies.
First, considering the structure of state-level policies in connection with the spatial and demographic analyses of the resulting residential solar installations reveals ways in which these programs could be improved to reach a broader array of state residents. Even when accounting for home ownership, existing solar policies in these states have resulted in disproportionately low participation in low-income and highminority communities. This is surprising in Massachusetts, which provides additional subsidies for moderate-and lowincome households. In order to utilize the full-solar capacity of residential buildings, it is necessary to ensure widespread Values represent the number of years required for an average-sized residential installation to offset the associated construction and installation impacts participation and long-term citizen support. This requires policy changes that will better target state-level solar programs in low-income and more diverse communities. There are several ways in which state-level policies could be altered to encourage broader participation. Currently, incentives targeting low-or moderate-income families or moderate home value properties in Massachusetts are limited to resident-purchased installations and are not applicable to the growing solar leasing industry. Extending such means-based subsidies to third-party leasing companies and landlords, for installations on moderate value properties, could expand participation by further incentivizing installations in underrepresented communities. Such policy changes could make such installations more profitable or make leases less expensive. In addition, Massachusetts has begun actively targeting specific communities through its Solarize Mass program, which partners towns with installers and encourages solar installations through tiered discounts based on participation levels (as more residents participate, installers commit to reduced pricing). Currently, this program has targeted communities that can "demonstrate local interest and engagement," which has prevented it from significantly expanding the demographic base of solar installations (Massachusetts Clean Energy Center 2013c). Altering existing policies in Massachusetts to prioritize under-represented communities, or creating them in New Jersey, could broaden public support for and contribute to the long-term viability of renewable energy policy.
Second, considering these policies in connection with the life cycle analysis of solar installations reveals ways in which policies could be improved to further encourage environmental sustainability. Current solar energy policies are most often described as promoting the renewable energy sector and mitigating greenhouse gas emissions that contribute to climate change. Considering the life cycle of residential solar installations, both at the scale of the individual homeowners and at the scale of state-level policies, extends and complicates that description. Residential solar panels result in significant decreases not only in greenhouse gas emissions, but equally significant reductions in human health respiratory illnesses due to overall reductions in emissions from fossil fuel-based power plants. Considering recent research which suggests that some of the most compelling arguments for addressing climate change focus on human health, giving more attention to the positive consequences such policies can have on respiratory health could further expand support for such renewable energy policies (Maibach et al., 2010) .
But any simple claim that these policies advance "clean" energy ignores the consequences for ecosystem toxicity. Installing solar in Massachusetts or New Jersey mitigates greenhouse gas emissions and respiratory illness, but results in increased ecotoxicity burdens further up the supply chain, where materials are mined, refined, and panels manufactured.
These increases in ecotoxicity potential have a distinct geography, which is determined by the supply chain and manufacturing processes underlying the solar panel industry. Such impacts differ dramatically by the type of panel and by panel manufacturer, however. (Figure OR3-6 ; Silicon Valley Toxics Coalition 2013). If Massachusetts and New Jersey aim to advance sustainable clean energy, policies should encourage the installation of solar panels that minimize life cycle environmental impacts. Currently, Massachusetts encourages the installation of Massachusetts-manufactured solar panels with a $0.05/W subsidy. A similar subsidy, based on the environmental performance of panel manufacturers as determined by a third-party certifier could incentivize the installation of lower-impact solar panels (Silicon Valley Toxics Coalition 2013) .
This study advances the analysis of the residential solar sector and the policies that promote it in the USA. It also suggests avenues for future research. An important development in state solar markets has been the rise of third-party leasing options. As data become available, investigating the different demographics of owner-purchased and leased systems will be important. Although New Jersey and Massachusetts have emerged as the leaders of residential solar installations in eastern USA, other states have been pursuing similar programs with varied results. How do policies in Massachusetts and New Jersey compare with similar policies, such as the SREC markets adopted in Maryland and Ohio, which have been less effective in spurring solar installations? Other states, such as California and Arizona, have successfully scaled up solar installations without relying on similar market-based incentives. Do such alternative policy models affect the demography and geography of residential installations? Lastly, although this paper focuses specifically on the residential sector, it would be worth pursuing similar analyses regarding the geography of other solar installations, such as utility, commercial, and governmental installations.
